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(57) Abstract 



I The invention relates to a method for carrying out two chemical reactions in a reactor system comprising at least two mutually separate 

reactor beds, of which the surface* exposed to the reactams are catalytically active for the chemical reactions concerned and at' least one 
partition, wherein at least one first reactor bed is present, which is bounded by at least one partition, which bed is based or. a continuous 
porous structure and which bed is fixedly connected to said partition, at least one second bed is present, which is based on a contnu ™ , 
porous structure and which bed is fixedly connected to said partition, and said second bed. with respect to the first bed, is disposed or -h- 
oiner side of said partition, so that a heat exchanging contact between said beds is present and the reaction heat of a first chemical reaction 
which is canned out in said first reactor bed is supplied or absorbed by earning out a second chemical reaction in said second bed 
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Title: Method for carrying out a chemical reaction 

The invention relates to a method for carrying out 
endothermic and exothermic chemical reactions. 

A great many chemical reactions are characterized by a 
positive heat effect (exothermic reaction) or a negative 
5 heat effect (endothermic reaction) . To enable chemical 
reactions to proceed in the desired manner, an efficient 
supply or removal of the reaction heat is indispensable. In 
some exothermic reactions, the thermodynamic equilibrium 
shifts in an undesired direction if the temperature rises . 

10 Examples are the synthesis of ammonia and methanol, the 
oxidation of sulfur dioxide to sulfur trioxide in the 
production of sulfuric acid, the reaction of sulfur dioxide 
with hydrogen sulfide in the Claus process, the selective 
oxidation of H2S to elementary sulfur and the reaction of 

15 carbon monoxide with hydrogen to methane. Since in the 

course of these reactions thermal energy is released, the 
temperature of the reaction mixture will rise and the 
thermodynamic equilibrium will shift in an unfavorable 
direction, unless the reaction heat released is removed fast 

2C and efficiently from the reactor. 

In endothermic reactions too, a shift of the 
thermodynamic equilibrium in an undesired direction can 
occur, now by the consumption of thermal energy. Examples 
are methane - steam reforming and the dehydrogenation of 

25 ethylbenzene to styrene. A problem may also arise in that as 
a result cf the consumption of energy by the reaction, the 
temperature of the reaction mixture decreases unduly, so 
that the desired reaction no longer proceeds. 

Not only can a temperature change cause a shift of the 

30 thermodynamic equilibrium in an unfavorable direction, it 
can also adversely affect the selectivity of catalytic 
reactions . 

Examples cf reactions where the temperature affects rhe 
selectivity are the production cf ethylene oxide from 
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ethvlene (the undesired reaction is the formation of water 
and' carbon dioxide), the selective oxidation of hydrogen 
sulfide to elementary sulfur (the undesired reaction is the 
formation of S0 2 ) and the Fischer Tropsch synthesis. In al- 
5 cases, a temperature rise occurs as a result of the release 
of the reaction heat. If this temperature rise is not 
prevented through a rapid removal of the reaction heat, the 
selectivity decreases greatly. 

in most conventional catalytic reactors, use is made of 
10 a fixed bed of catalyst particles. In such a catalyst bed, 
porous bodies of catalyst particles have been poured or 
piled . 

in order to avoid an undesirably high pressure drop 
across such a catalyst bed, it is preferred to use bodies cr 

15 particles of dimensions of at least 0.3 mm. These minimum 
dimensions of the catalyst bodies are necessary to keep tne 
pressure drop that occurs upon the passage of a stream of 
reactants through the catalyst bed, within technically 
acceptable limits. While the dimensions are limited at the 

20 lower end of the range by the permissible pressure drop, the 
necessary activity of the catalyst imposes an upper limit on 

., n f th» ratalvticallv active particles. The 

tne uiirieii^iuuj ^ ^ • — - * 

high activity required for a number or types of technical 
catalvsts can mostly be achieved only with a surface of the 
.5 active phase of 25 to 500 m? per ml catalyst volume. 

Surfaces of such an order of magnitude are possible only 
with very small particles, for instance with particles or 
0.05 Mm. Since particles with such dimensions no longer 
ailov a liquid or gas mixture to flow through them, the 
,0 primary, extremely small particles have to be formed into 

high-porous bodies with dimensions of at least an-out 0., ^ 
which can oossess a large catalytic surface. An important 
task m the production of technical catalysts is to comcine 
the required high porosity with a sufficiently mgn 
,5 mechanical strength. The catalyst bodies cannot be ailovea 
to disintearate upon filling of the reactor and upon 
exposure to sudden temperature differences .thermal sno,* 
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Under the conditions of the thermal pretreatment and/or 
catalytic reaction to be carried out, nearly all 
catalytically active materials soon sinter to form large 
conglomerates with a negligibly small active surface. 
5 Therefore, the active component (finely divided) is 

generally applied to a so-called support. This support 
exhibits the necessary thermal stability and hardly sinters, 
if at all, at high temperatures. Often used as supports are 
silicon dioxide, aluminum oxide or activated carbon. 

As appears from the above examples, there is a very 
great need for a fast supply or removal of thermal energy in 
catalytic reactors, but the total heat transfer coefficient 
is mostly very low in a fixed catalyst bed. According to the 
present state cf the art, it is virtually impossible to 
15 supply thermal energy to or remove it from a fixed catalyst 
bed in an efficient manner. This is indeed evident from the 
manner in which chemical reactions are carried out in fixed 
catalyst beds . 

It is possible that of an exothermic reaction only the 
20 thermodynamic equilibrium shifts in adverse direction upon a 
temperature rise, without the selectivity decreasing 
unallowably. In that case, the reaction in a fixed catalyst 
bed can be made to proceed adiabatically . After passage 
through the reactor, the stream of reactants is cooled off 
25 in a separate heat exchanger. Because the conversion of the 
reactants is now thermodynamically limited by the 
temperature rise in the reactor, the unconverted reactants 
have to be reacted again upon cooling. The reaction product 
can be separated and the reactants can be recycled through 
30 the fixed catalyst bed. This occurs, for instance, m the 
ammonia and methanol synthesis. If the reaction product 
cannot be easily separated, downstream of the heat exchanger 
a second fixed bed reactor with a heat exchanger must be 
linked up. This is for instance the case in the oxidation ci 
35 sulfur dioxide to sulfur trioxide . Sometimes, to prevent 
emission of harmful compounds, even a third reactor with 
heat excnanger is necessary. If connectinq a number of 
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reactors and heat exchangers in series is not properly 
possible and the separation of the reaction product is not 
either, the reaction product is sometimes recirculated 
through the catalyst bed. Per passage through the reactor. 
5 so little of the reactants is added to the circulating 

reaction product that it is converted completely. Because 
the rise of the temperature must then be properly 
controlled, per passage through the reactor only very little 
can be converted. In cases where the reaction must be 
10 carried out at a greatly increased pressure, the problems 
with the supply or removal of the reaction heat are extra 
large . 

in the ammonia synthesis and the methanol synthesis, a 
catalyst bed is employed in which reactants are injected at 
15 different points at a relatively low temperature. 

Such an implementation of the method, whereby gas 
streams must be passed through high pressure reactors in a 
complicated manner, obviously also requires high 
investments . 

20 in a number of technically important cases, it is 

desired in catalytic reactions to work with a high to very 
high spatial throughput rate, with a great pressure drop 
across r the reactor being considered a less serious drawback 
in the conventional fixed bed reactors, a high pressure drop 

05 with the corresponding high spatial throughput rate is not 
properly possible. If the pressure at the reactor inlet is 
increased, the catalyst may be blown (gaseous reactants) or 
washed (liquid reactants) out of the reactor. It is also 
possible that at a particular critical value of the pressure 

3.-. a~ 'he reactor inlet "channeling" occurs. In that case, tne 
cataivst oarticles in a particular part of the reactor are 
aoinq to move. In that case, the reactants are founc t= --^ 
virtually exclusively through the part of the catalyst bed 

that is m motion. 

With the fixed bed reactors current at present, the 
catalyst bee clogs up. Therefore the reactor must be 
reaularly opened and the cumulated layer of dust removed - 
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would be favorable if a pulse of gas of high pressure could 
be sent through the reactor in a direction opposite to that 
of the stream of reactants . This pressure pulse would blow 
the dust off the catalyst bed; thus, clogging could be 
prevented without opening the reactor, which is technically 
very attractive. With the fixed bed catalysts according to 
the present state of the art, however, this is not possible; 
along with the dust, the catalyst bodies would be blown out 
of the catalyst bed. 

It will be clear that a number of disadvantages can be 
associated with the use of fixed bed reactors. In general, 
it requires costly facilities, while recirculation and 
separation of reaction products present m low concentration 
require a great deal of energy. For that reason, in a number 
of cases a whirling bed is employed. In a whirling bed the 
transport of thermal energy is much easier, while the 
problems with pressure drop and clogging do not occur. In a 
whirling bed, however, the catalyst to be used must meet 
very high standards regarding mechanical strength and wear 
resistance, which is not at all possible with every 
catalyst. Finally, the catalyst consumption in a whirling 
bed is relatively high due to the unavoidable wear. 
Accordingly, m many cases it will not be possible to use a 
whirling bed. 

There are cases where it is not possible to work either 
with a whirling bed or with an adiabatic reactor. This 
applies in particular to highly endothermic reactions and 
reactions where the selectivity decreases unaliowably upon 
increase of the temperature. Examples are methane - steam 
reforming and the selective oxidation of ethylene to 
ethylene oxide. In a selective oxidation of ethylene, a verv 
large heat exchanging surface is employed by utilizing a 
reactor with no less than 20,000 long tubes. In methane- 
steam reforming it is attempted to optimize the heat supply 
and to limit the pressure drop by adjusting the dimensions 
and the shape of the catalyst bodies . In this last reaction 
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too, a Large number of costly tubes have to be used in the 
reactor . 

It has also been proposed to apply the catalyst 
exclusively to the wall of the reactor. An example of such a 
5 system is described in the abstract of JP-A 6/111838. 

According to this publication, a reform catalyst has been 
provided in grooves of a plate, while in grooves of a second 
piate a combustion catalyst has been provided. These plates 
have been arranged against each other, so that through the 
10 heat generated with the combustion the reforming can take 
place . 

Also in carrying out the Fischer Tropsch reaction, in 
which from a mixture of hydrogen and carbon monoxide higher 
hvdrocarbons are produced, a system has been employed, in 

15 which a catalyst is provided on the wall of the reactor. 
This catalyst provided on the wall ensures a good heat 
transfer from the catalyst to the outside of the reactor. 
For providing the catalyst on the wall, inter alia the 
following method has been proposed. The catalyst is applied 

20 as a Raney metal, an alloy of the active metal and aluminum 
After being applied, the catalyst is activated by dissolving 

■ ^ i „- rvv,<=> ^r-o;*i-or rt of the reactor 
the aluminum wiui iye. m*- — r- 

volume is empty, as a result of which the contact between 
the reactants and the catalytically active surface is sUgh: 
25 and the conversion per passage through the reactor is 

greatly limited. The reactants must therefore be frequently 
recirculated through the reactor. 

In a number of technically important cases, the 
pressure drop upon passage of the reactants through the 

3" catalyst bed must remain very lew. This applies, for 

instance, to reactors in which flue gas of large plants is 
to be purified, as with the catalytic removal of nitrogen 
oxides from flue gas. Because a flue gas stream is general.;.- 
verv large, a substantial pressure drop requires a very 

,5 creat deal of mechanical energy. The same applies to the 

purification of exhaust gases of automooiles . In tms case 
too, a high pressure drop is unallowable 
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Currently, the use of catalysts provided on a honeycomb 
is one of the few possibilities of achieving an acceptable 
pressure drop without unallowably reducing the contact with 
the catalyst. To that end, often ceramic honeycombs 
5 (honeycombs, monoliths) are used, in which the catalyticall v 
active material has been provided. 

A variant of the method in which the catalyst is 
provided exclusively on the wall, is the use of monoliths 
made up thin metal sheets. Such a reactor is manufactured, 
for instance, by rolling up a combination of corrugated and 
flat thin metal sheets and subsequently welding them, 
together. It is also possible to stack the flat sheets m a 
manner leading to a system with a large number of channels. 
On the wall of the thus -obtained channels the catalyst is 
15 then provided. 

As has been noted, the thermal conduction in a fixed 
catalyst bed is poor. This has been ascribed to the low 
thermal conductivity of the high-porous supports on which 
the catalytically active material has been provided. 
Therefore Kovalanko, O.N. et al . , Chemical Abstracts 22 (18) 
1514 09u have proposed to improve the thermal conduction by 
increasing the conductivitv of thp r^r^i^ct- k^^^^ t^_, 
this by using porous metal bodies as catalyst support. Now, 
it has already been described by Satterfield that the 
25 thermal conductivity of a pile of porous bodies is 

determined not so much by the conductivity of the material 
of the bodies, as by the contacts between the bodies among 
themselves (C.N. Satterfield, "Mass Transfer in 
Heterogeneous Catalysis", MIT Press, Cambridge, MA., USA 
30 (1970), page 173). The inventors' own measurements have 
shown that the thermal conductivity cf catalyst bodies 
indeed does not greatly affect the heat transport in a 
catalyst bed. 

In WO-A 86/02016 a reactor is described, comprising a 
35 reaction bed provided with a catalyst, which bed consists cf 
sintered metal particles which are in good heat conductma 
communication with the reactor wall which wall is 
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externally provided with sintered metal particles for 
removing reaction heat. Further, on the outside of the 
reactor's phase transition occurs. Such a reactor system is 
found tc be able to realize a large heat dissipation, but 
5 has the disadvantage that a good setting and/or control of 
the reaction is not possible, or very difficult. This is 
evident inter alia from the example in which the catalytic 
combustion of a combustible gas with a heat of combustion 
35.530 kJ/m^ is described. This would have tc occur at a 
1C temperature of 350°C. However, by the cooling of the reactor 
with evaporating water (steam production) at 110°C, the 
entire reactor is cooled to 110°C, so that the reaction will 
not occur . 

In US -A 4.101,287 a combined heat exchanger reactor is 
15 described, consisting of a monolith, through a part of the 
channels of which flow the reactants and through a part of 
which flows the cooling agent. Here the same disadvantage as 
in the system of WO-A 8602016 presents itself. 

In EP-A 416710 a method is described, based on the use 
20 of a catalytic reactor in which the reactor bed consists of 
elementary particles of metal sintered to each other and tc 
one side of the reactor wall, while no sintered metal 
particles are present on the other side of the reactor wall. 
When in such a reactor the diameter of the reactor bed is 
25 chosen in relation to the heat effects, which vary from one 
reaction to another, but are known and, depending on the 
reaction conditions, can be calculated, reactions of the 
type referred to can be carried out optimally. 

In carrying out chemical reactions, especially if they 
^ are reactions which are carried out on a large scale, if a 
strona heat effect is involved, or if high pressures are 
required, problems accruing from the neat economy of the 
reaction are encountered. It appears that in a number or 
cases it is not easy to efficiently supply the necessary 
heat or remove the heat produced. For instance m steam- 
retormir.c natural qas or other Hydrocarbons, tne necessary 
amount of heat is so large that complex systems with burr.e: . 
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and heating tubes are needed to supply the necessary heat. 
This kind of problems also occurs with other reactions with 
great thermal effects, such as the production of ammonia, 
the preparation of ethylene oxide, the selective oxidation 
of H 2 S, and the like. Even m reactors according to the 
above-mentioned EP-A 416710 or US-A 4,101,287, it is found 
this can give rise to problems. 

Presently, mixtures of hydrogen and carbon monoxide 
(synthesis gas) are produced through reaction of methane 
: with steam, the so-called methane-steam reforming process. 
If only hydrogen is desired, the carbon monoxide is allowed 
to react with steam to form carbon dioxide and hydrogen. The 
carbon dioxide formed is removed through dissolution under 
pressure in aqueous solutions or regenerable solid sorbents 

For this process, it is possible to use, besides 
methane, other gaseous hydrocarbons or naphtha or other 
hydrocarbons that can be readily brought into the gas phase. 

To enable the highly endothermic reaction between 
methane and steam to proceed, the necessary reaction heat 
must be supplied to the reaction mixture at a high 
temperature, for instance 850°C (allothermic process). In 
general, the necessary heat is generated outside the 
reaction mixture by combustion of, for instance, methane, ir. 
order to transfer the thus generated thermal energy to the 
reaction mixture, a partition with a sufficiently hign 
thermal conductivity must be used. 

Through radiation the reaction heat generated in the 
combustion reaction is transferred to the reaction mixture. 
The reaction mixture is passed through tubes of a high-arade 
alloy in which a suitable catalyst has been provided. The 
tubes are exposed to the radiation of the burners. 

To prevent oxidation of the tubes at the necessary hie:: 
temperatures, costly ( nickel -containing ; alloys must be used 
for the reactor wall. To save energy, the methane - steam 
reforming process is often carried cut at elevated pressure 
tor instance at 30 bar, which imposes even more stringent 
requirements cf oxidation resistance 
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For the steam- reforming mentioned, it has previously 
been proposed to carry out a partial oxidation of the 
hydrocarbon prior to the reaction. The heat thereby producea 
is then stored in the gas and carried to the steam 
5 reforming. Such a method, however, cannot be employed in all 
cases . 

The object of the invention is to provide a suitable 
method for carrying out chemical reactions and in particular 
chemical reactions with a great thermal effect, whereby in a 

10 simple manner the transport of the necessary or redundant 
heat is provided for. 

The invention is based on the surprising insight that 
it is possible to optimally adjust the heat conduct of 
combined endotherroic and exothermic reactions to each other 

15 if use is made of a specific reactor system in which at 
least two reactor beds based on porous structures are in 
heat exchanging relation with each other. 

The invention accordingly relates to a method for 
carrying out two chemical reactions in a reactor system 

20 comprising at least two mutually separate reactor beds, of 
which the surfaces exposed to the reactants are 

, . f n -r +-ho nhpmiffll reactions concerned, 
cataiyticany a<_uj.vc 

and at least one partition, wherein 

- at least one first reactor bed is present, which is 
bounded by at least one partition, which bed is based or. 
a continuous porous structure and which bed is fixedly 
connected to said partition, 

- at least one second bed is present, which is based or. a 
continuous porous structure, and which bed is fixedly 

30 connected to said partition, and 

- said second bed, with respect to the first bed, is 
disoosed on the other side of said partition, so that, a 
heat exchanging contact between said beds is present ana 
the reaction heat of a first chemical reaction which is 

3* carried out in said first reactor Dec is supplied or 

absorbed by carrying out a second chemical reaction ir, 
said second bed. 
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Over the above - described known systems, tne invention 
has the advantage that during the process a greater 
stability is obtained, inter alia because of the self- 
regulating character of the system. 
5 According to an embodiment of the method according to 

the invention, a reactor is used in which two or more first 
reactor beds and/or two or mere second reactor beds are used 
which, through a corresponding number of partitions, are in 
heat exchanging relation with each other. 

According to the invention, it is possible in a simple 
manner to efficiently transport the necessary heat to the 
desired place. According to a first variant of the method 
according to the invention, in the first reactor bed an 
endothermic reaction is carried out and m the second 
reactor bed an exothermic reaction is carried out. 

According to another variant of the invention, in the 
first reactor bed an exothermic reaction is carried out and 
in the second reactor bed an endothermic reaction is carried 
out . 

According to yet another embodiment of the method 
according to the invention, a multi-stage reaction is 
carried out, wherein at least one stage of this reaction has 
a positive and at least one stage has a negative heat 
effect, and wherein said stages are carried out in said 
25 first and second reactor bed. 

An example of this last variant is formed by the above- 
mentioned steam reforming, preceded by partial oxidation. 
The heat necessary for the steam reforming is then supplied 
by the partial catalytic combustion of the hydrocarbon in 
0 the first reactor bed, while the heat produced is supplied 
to the steam reforming via the common partition. The gases 
are thereupon supplied to the second reactor bed, where thev 
are further converted. 

Other suitable reactions that can be carried out 
5 according to the invention are, for instance, the 

preparation of ethylene oxide, the selective oxidation or 
H : S hydrogenation reactions, dehydrogenation reactions 
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such as the formation of styrene from ethylbenzene , the 
oxidation of methanol to formaldehyde, the conversion ot 
methanol into synthesis gas, and the like. It is noted in 
^h-s connection that the catalytic combustion of 
hydrocarbons to form C0 2 . water and heat, can also be 
regarded as a chemical reaction within the scope of this 
invention . 

A suitable possibility for carrying out the methoa 
ac^ordinq to the invention, with the desired chemical 
reaction being an endothermic reaction, is therefore the 
catalytic combustion of hydrocarbons, in particular natural 
gas, in the first reactor bed, while the endothermic 
reaction is carried out in the second reactor bed. 

The catalytic combustion occurs in the presence ot a 
suitable combustion catalyst, for instance copper oxide or 
m anganese oxide on a thermostable support. A very suitaole 
catalyst is described, for instance, in EP-A 327,177. 
However, the art has a large number of other suitable 
combustion catalysts. 

The chemical reactions that are carried out according 
to the invention take place under the most suitable 

, ^ ,^^n C rhnsen. With a view to a gooa 

conditions ior lhc i" 1 -— " 

heat exchange between the reactor beds, the temperatures m 
the two reactor beds will not differ greatly. In genera., 
^ the temperature difference will not be more than about 
~ 100-C, more particularly this difference will be less tnan 

14- a ico fhp stability and the self- 
50°C. As a result, also tne swuij-j. . 

regulatina character are improved. 

Throuch a suitable choice of load and degree of 

30 conversion/ in the two reactors, the temperatures in tne two 
beds can be optimally adjusted to each other. In doing sc. 
i- , s obviously possible to use all conventional variants i 
tne manner of supplying reactants, recirculating a part 
the reaction mixture, supplying or discharging reac.ar.ts 

35 and/or reaction products at different points m the reactor 
and the like 



20 



WO 96/32188 PCT/NL96/00163 

13 

The temperature employed in the reactors is dependent 
on the nature of the reactions. In general, an elevated 
temperature is employed, because then the advantages of the 
system are most pronounced. In general, the temperature will 

5 be above 100°C, an upper limit being formed by the maximum 
temperature at which the material is still stable, or the 
temperature that can be achieved with a chemical reaction. 
However, temperatures in excess of 1250°C are generally not 
preferred because of the difficulties in achieving them and 

C the requirements that such temperatures impose on the 
materials of the reactors and the supply and discharge 
systems . 

The pressures at which the various reactions are 
carried out, can be varied within wide limits, it being 
5 noted that it is also possible to carry out the reactions at 
different pressures. Although this imposes more stringent 
requirements on the equipment, there is no fundamental 
problem. 

In the present description, the term "partition" is 
j understood to refer to the physical separation between the 
space where the first reaction occurs, that is, the first 
reactor bed, and the space where the second reaction occurs, 
the second reactor bed. This can obviously be the outer wall 
of the catalyst bed, but it also encompasses, for instance, 
5 a wall of channels of a monolith or the metal sheets of a 
rolled-up assembly. 

The wall can consist of the conventional materials that 
are known for these purposes. These walls can consist of a 
single layer, but it is also possible to use more than one 
layer, and it can specifically provide advantages if the 
surface to which the elementary bodies are to be fixeclv 
connected, improves the bond with the elementary bodies, in 
this connection one can think, for instance, of the use of 
enamel coating in ceramic elementary bodies . 

The continuous porous structure which is used in the 
reactor in accordance with the invention can be constructed 
in various ways, as will also appear from the further 
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explanation and the examples of suitable structures. In 
general, the continuous porous structure should meet the 
requirement that there is a heat exchanging contact between 
the partition and the structure, while further the porous 
5 structure extends through the entire reactor bed. 

This means that the porous structure is fixedly 
connected to at least one reactor wall, while the reactor 
bed consists of a structure which fills the entire reactor 
bed, at least, extends through the entire reactor bed, for 
10 instance in the form of fixedly interconnected elementary 

particles, such as particles sintered together, or channels, 
arranged parallel, of a suitable sheet construction or of a 
monolith . 

Accordingly, this does not encompass the system as 
15 described in JP-A 6/111838, since no continuous porous 

structure is thereby obtained. In fact, the walls of each 
channel constitute a reaction wall, whereas according to the 
invention a porous structure is required. 

With the invention, the degree of porosity of the 
20 reactor bed can be varied within wide limits. This porosity, 
that is, the portion of the bed that allows gas or liquid to 

.. _ i ■> K~«-..TOQn on anri Q S % bv volume . The 

flow tnrougn, is ijeneiani ^d.-*-^* ~~ 

most suitable value depends on the nature of the reactor, 
the desired surface, the desired pressure drop and the 
25 extent of heat transport in the bed. 

The porosity can be distributed uniformly in the 
reactor bed, but it is also possible to provide a gradient 
in the porosity, for instance in the longitudinal direction 
viewed in the direction of flow of the reactants , or in the 
30 transverse direction. It is also possible for this porosity 
not to be uniformly distributed through the reactor bed zoi 
instance as is the case when a monolith is used. 

The extent of heat transport is a relatively important 
factor in the reactor system according to the invention. 
35 Obviously, the heat conductivity of the total system., that 
is. from the partition as far as into the beds, is partly 
determined by the heat conductivity of the material of the 
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catalyst support used and of the construction material of 
the reactor. 

Preferably, the heat conductivity is not less than 10% 
of the heat conductivity of the material used in massive 
5 condition; preferably, this value is between 10 and 75%. In 
absolute terms, the heat conductivity is preferably between 
0 . 2 and 300 W/m.K. 

The heat conductivity is highly dependent on the heat 
conductivity of the elementary materials used. A1 2 0 3 
10 extrudate, for instance, has a conductivity of 0.3 2 W/m.K, 
while a sintered body of 316L has a value of 3-12 W/m.K. 
Powder of 316L, by contrast, has a value of 0.55, while 
massive material possesses 20 W/m.K. Massive copper has a 
heat conductivity of 398 W/m.K. All of these values relate 
15 to the condition at room temperature. At other temperatures, 
the absolute value of the numbers cnanges, but the relative 
ratio remains approximately the same. 

The heat conductivity of the system as a whole is also 
important for the operation thereof. As has been indicated, 
20 there should be a heat exchanging contact between the two 
reactor beds. More particularly, it is of importance that 
there is a fixed connection, under reaction conditions, 
between the partition and each reactor bed. More 
particularly when using sintered metals as support of the 
25 catalyst bed, this can be obtained by sintering the 

elementary metal particles fixedly onto the wall, but it is 
also possible for the materials to be applied in such a 
manner as to have a heat transfer comparable to that of the 
smtered-on metals. When using a catalyst provided on the 
30 partition, optionally with a support material interposed 

between them, obviously one also has a good heat exchanging 
contact between the beds. Such systems can, for instance, 
consist of an assembly of (rolled-up) sheets or a monolith, 
in which on the walls a catalyst (optionally supported; has 
35 been provided, by means of a wash coat. In such a variant, a 
part of the rolled-up sheets or the monoliths, for instance 
an inner core, constitutes the first reactor bed, while 
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another part, for instance a ring around the core, 
constitutes the second reactor bed. Obviously, there may be 
more than two reactor beds. It is possible, for instance, tc 
make a kind of shell structure with different rings' 
5 The reactor system according to the invention is 

applicable to each heterogeneousiy catalyzed gas phase 
reaction, but is mere particularly suitable for these 
reactions that have a strong thermal effect, that is, highly 
endothermic or exothermic reactions, or reactions whose 
10 selectivity is highly temperature-dependent. 

in the embodiment according to the invention based on 
sintered metal beds, it is possible to work with a high to 
very high spatial throughput rate without the catalyst being 
blown (gaseous reactants) or washed (liquid reactants ) from 
15 the reactor. Nor does "channeling" occur. Because in the 
reactor according to the invention the catalyst particles 
are much better fixed, such a reactor allows working at a 
much higher velocity of the reactants (and consequently a 
much higher pressure drop across the reactor) . Another 
important advantage of fixing the catalyst bodies in the 
reactor according to this embodiment, is evident when dust 
is deposited on the catalyst bed. In reactors according to 
the present invention, a pulse of gas of high pressure car. 
be sent through the reactor in a direction opposite to that 
of the stream of reactants. This pressure pulse blows the 
dust off the catalyst bed; as a result, clogging can be 
prevented without opening the reactor, which is technically 

verv attractive. 

With non-sintered material, the reactor bed has a higr. 
porosity adiacent the wall, owing to the tact that the shape 
of the material particles and the wall do not conform, to 
each other. As a result, there is little catalyst present, at 
-his location and relatively much less feed will be 
converted. This effect is enhanced m that the high porosity 
has low pressure losses and the feed will flow 
preferentially along the wall. By sintering, on the othe: 
hand < conformity 



20 



30 



the wall is improved ar:c tr.e pores i' 



20 



3 0 



WO 96/32188 PCT7NL96/00 1 63 

17 

adjacent the wall is of the order of magnitude of tne bed 
material not located adjacent the wall. Moreover, by 
applying the catalyst after filling and sintering of the 
reactor, catalyst is also deposited on the wall. These two 
5 effects have as a result that leakage along the wall is mucn 
less and the reactor as a whole can be made of shorter 
construction. Thus the pressure drop remains limited. 

When using a reactor system based on plates or a 
honeycomb, the advantage that no leakage occurs is gained to 
) a lesser extent, but on the other hand these reactors are 
simpler to construct and have a lower pressure drop and are 
less prone to clogging. 

The invention is particularly suitable for carrying out 
highly exothermic or endothermic catalytic reactions. As an 
example of such a reaction, the oxidation of methane is 
described. As an example of a reaction wnose selectivity is 
to a large extent determined by the temperature, the 
selective oxidation of hydrogen sulfide is taken. In this 
case the removal of thermal energy is of great significance 
since above a temperature of about 300°C the oxidation of 
sulfur vapor to the undesired sulfur dioxide starts to 
proceed. Use of a reactor system according to the invention 
makes it possible to purify gas streams of a hydrogen 
sulfide content of, for instance, 10% by volume highly 
efficiently. The hydrogen sulfide is selectively oxidized to 
elementary sulfur which is extremely easy to separate 
through condensation. Because such gas mixtures cannot be 
properly processed in a Claus process, the invention is of 
particularly great importance for this purpose. 

As has already been indicated, the reactor system that 
is used according to the invention can be made up m a 
number of ways . 

When using reactor beds based on sintered metal 
particles, in a first variant the reactor beds are arranged 
concentrically around each other. According to another 
variant, the reactor beds are plate - shaped , one or more 
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first interconnected reactor beds being alternated in layers 
with one or more interconnected second reactor beds . 

The reactor beds based on sintered particles are most 
preferably made up of more or less isotropic particles, more 
5 particularly with a fairly narrow particle size 

distribution. When using such elementary particles, a 
catalyst system with very good properties is obtained. 

The material of which the elementary particles consist 
is preferably metal, but car. also be alumina, silica, 
10 silica -alumina, zeolite, titanium dioxide, zinc oxide or 
zirconium oxide, or oxides of a combination of elements, 
such as spinel (MgAl 2 0 4 ), mullite ( 3A1 2 0 3 ■ 2SiO : ) or 
cordiente ( 2MgO . 2A1 2 0 3 • 5Si0 2 ) , as well as carbides, nitrides 
and borides of elements such as silicon, tungsten, titanium 
15 and vanadium. The preference is for metal or metal alloys, 
because elementary particles consisting of these materials 
can be fixedly connected to each other and to the partition 
wall relatively easily by sintering. The metal or the metal 
alloy can then be catalytically active itself or be rendered 
20 catalytically active, but it is also possible to provide a 

catalytically active material thereon. One of the advantages 
of a catalyst on such metal particles resides in the better 
heat distribution by the use of the metal On a microscaie 
it is observed that the heat conduct in the catalyst is 
25 better, so that a more efficient use can be made of the 

catalyst. This has an influence inter alia on the activity 
but can also be of importance for the selectivity, for 
instance in case the selectivity is highly dependent on the 
temperature, since according to the invention a much more 
3C homogeneous temperature distribution is obtained in tne 
catalyst . 

Suitable metals for use in elementary particles are 
inter alia nickel, iron, chromium, manganese, vanadium, 
cobalt, copper, titanium, zirconium, hafnium, tin, antimony 
35 silver, gold, platinuir,, palladium, tunqsten, tantalum, as 
well as the lanthanides and actinides. The elementary 
carticies can consist or substantially pure xeta. :r ~t an 
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alloy of two or more metals, which alloy can aiso contai- 
non-metallic components, such as carbon, nitrogen, oxvgen, 
sulfur, silicon, and the like. 

According to another embodiment of the invention the 
= elementary particles consist of fibers or threads, 

preferably of a diameter of 0 . 5 mm at most, preferablv of - 
250 pin. The materials of which these particles a-e 
manufactured preferably comprise carbon and metal or metal 
alloys . 

According to another embodiment of the invention a 
Plate reactor is used, for instance made up of a more or 
less flat plate, which is provided with a corrugated olate 
welded onto the flat plate along the tops of the corrugated 
Plate. This assembly is then (for instance rolled ud and) 
welded together again, so that a reactor is obtained 
consisting of a large number of channels which extend 
parallel to each other, on opposite sides of the plates 
This reactor can be provided with a coat with catalyst m a 
manner similar to that described hereinabove. The ends of 
the reactor are provided with appropriate constructions to 
ensure that the various reactants and reaction products are 
distributed over the proper channels. The metals of which 
sucn a reactor can be manufactured are generally the same 
metals as described hereinabove m relation to the sintered 
metals. There is a particular preference for an allov of 
mter alia iron and chromium, known under the name of 
FeCralloy*. The invention also relates to such a plate 
reactor . 

According to yet another variant of the invention, as 
reactor system a honeycomb or monolith is used. Such svstems 
are known and are generally characterized on the basis' ot 
the materials of which they are made and the number of 
channels per unit area. Monoliths can be manufactured -om 
ceramic materials, such as mullite (Al 6 Si 2 0 13 ), titanium 
dioxide, and a-alumina, or of metals, the above-mentioned 
metals being specifically eligible. Typical cell densities 
of monoliths are between 100 and 4C0 cells per : ln ch)v The 
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cell walls are thin and vary between 50 and 200 ^m . At a 
cell density of 400 cpi, about 3500 m 2 surface per m 3 
monolith is available. 

In a next variant of the invention, as a reactor system 
5 a foam or other porous structure is used. 

The reactor system according to the invention, as has 
already been indicated, can already be cataiytically active 
of itself or be activated by treatment. However, it is also 
very well possible to provide a cataiytically active 
10 material on the fixedly connected elementary bodies. More 
particularly, it is possible first to provide a (highly} 
porous support on the metal surface or alloy surface and 
thereafter to provide the cataiytically active component on 
the support. This last can be of significance if the 
15 cataiytically active component may not come into direct 

contact with the material of the bodies sintered together, 
so as to prevent undesired interactions between the material 
of the bodies and the cataiytically active component. 

When applying the catalyst, first a dispersion of a 
20 support and/or the cataiytically active material (or a 

precursor thereof) in a liquid is prepared and thereafter 
this liquid is suitably applied to the fixedly connected 
elementary bodies. This can be done, for instance, by 
vacuumizing the bed to which the support and/or the 
25 cataiytically active material are to be applied and 

thereafter sucking the dispersion into the bed, so that tne 
bed is impregnated. If a support is provided first, the 
operation can be repeated with the cataiytically active 
component or precursor thereof. 
30 The composition of the dispersion and the conditions 

for manufacturing the system are preferably chosen such that 
the viscosity of the impregnation liquid is raised upon 
impregnation, since in that way it is possible to remove 
liquid phase from the dispersion without the distribution c 
35 the cataiytically active material being substantially 

disturbed. Moreover, in this way a better distribution of 
the cataiytically active material over tne fixedly 
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elementary bodies is obtained. A number of methods are 
conceivable for increasing the viscosity of the liquid. A 
first method is to cool to below the solidification point 
thereof, so that the entire mass solidifies. By using 
5 vacuum, the system can then be f reeze - dried . Another 

possibility, and this one is preferred, is to incorporate a 
small amount of agar or another substance with comparable 
activity into the dispersion, which affords the possibilitv 
of introducing the dispersion into the system at increased 
1C temperature and thereafter fixing the system by simply 
cooling off. Thereupon the liquid can be removed under 
vacuum or otherwise, and the agar can be removed at 
increased temperature through pyrolysis. The suitable amount 
of agar is substantially determined by the desire that it 
15 must be possible for the liquid to become sufficiently 

viscous or even solid. Suitable concentrations are between 
0.05 and 1.0% by weight. 

It is also possible to apply the catalyst as a so- 
called wash coat. 
20 In the drawing, the invention is further explained. 

Fig . 1 shows a flow diagram of a reaction in which in a 
first stage an exothermic reaction is carried out, while in 
a second stage an endothermic reaction occurs. 

Fig. 2 schematically represents a reactor system basec 
25 on a plate reactor. 

Fig. 1 shows two reactors l, 2 which via a wail 3 are 
in heat exchanging contact with each other. Via line 4, 
reactants are supplied to reactor 1, while the reaction 
mixture is discharged via line 5 and is passed to the inlet 
J ° or reactor 2. via line 6 the reaction mixture egressing from 
reactor 2 is thereupon discharged. 

In Fig. 2 a schematic arrangement of a plate reactor is 
given. The compartments of the first reactor (l a , i b i" 
l e ) are separated from the compartments of the second 



reactor { 2 a , 2 b , 



2 d ) by the intervening partitions 
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The invention will now be elucidated in and by a few 
examples, which are not intended as a limitation of the 
invention . 

5 Rxarcple 1 

A reactor consisting of a continuous porous metal 
structure is fixedly connected through the partition to a 
second reactor, likewise consisting of a continuous porous 
10 metal structure, so that a heat exchanging contact is 

present. The porous metal structures are made up of metal 
particles fixedly sintered to each other and to the 
partition . 

In the first reactor, the surface exposed to the gas 
15 phase is catalytically active for the oxidation of methane. 
To that end, a thermostable alumina support provided with 
copper has been applied to the surface of the metal in the 

first reactor. 

In the second reactor, the surface exposed to the gas 
20 phase is catalytically active for the steam reforming of 

methane. To that end, an alumina support with nickel thereon 
has been applied to the metal surface of the second reactor. 

Through the first reactor, a methane/air mixture is 
passed continuously, with a methane/air ratio (based on 
25 volume) at the reactor inlet of 0.03, and with a temperature 
of 550°C. In the first reactor the methane reacts completely 
with the oxygen through the contact with the catalyst, so 
that the temperature in the reactor rises. The maximum value 
the temperature achieves is about 900°C. 
3C Through the second reactor, cocurrently and 

continuously, a methane/steam mixture is passed with a 
methane/steam ratio (molar; at the reactor inlet of 0.33. 

In the presence of the catalyst, methane reacts 
completely with steam to form CO and H 2 . The temperature at 
the inlet is 600°C, which achieves a maximum value of about 
8 0 0°C . 
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The heat generated in the f irst reactor is sufficient 
for the endothermic reaction in the second reactor This 
heat is passed to the second reactor through the conducting 
partition. For transferring a sufficient amount of heat to' 
the second reactor, the amount of methane that is converted 
m the first reactor is approximately half of the amount of 
methane that reacts m the second reactor. 
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Example 7 

A reactor consisting of a continuous porous metal 
structure is fixedly connected via the partition to a seco- 
reactor, likewise consisting of a continuous porous metal 
structure, so that a heat excnanging contact is present The 
porous metal structures are made up of metal particles 
sintered fixedly to each other and to the partition 

In the first reactor, the surface exposed to the gas 
Phase is catalytically active for the oxidation of methane 
To that end, a thermostable alumina support provided with 
copper has been applied to the surface of the metal in the 
first reactor, 

In the second reactor, the surface exposed to the gas 
Phase is catalytically active for the conversion of 
ethylbenzene into styrene. To that end, an iron/chromium 
oxide catalyst on an alumina support has been applied to the 
metal surface of the second reactor. 

Through the first reactor, a methane/air mixture is 
passed continuously, with a methane/air ratio (based on 
volume) at the reactor inlet of 0.03, and with a temperature 
of 55C°C. In the first reactor the methane reacts completely 
with the oxygen through the contact with the catalyst, sc 
that the temperature in the reactor rises. The maximum value 
the temperature achieves is about 900°C. 

Through the second reactor, cocurrently and 
continuously, an ethyibenzene/steam mixture' is passed wit- 
an ethylbenzene/steam mass ratio at the reactor inlet o/ ' 
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In the presence of the catalyst, ethylbenzene reacts 
with steam to form styrene at a pressure of 0.4 bar. The 
temperature at the inlet is 550°C, which rises with the 
passage through the reactor and achieves a maximum value of 
5 about 650°C. The conversion of ethylbenzene is 50%. 

The unreacted ethylbenzene is separated from the 
reaction mixture and returned to the reactor inlet. Styrene 
is also separated and recovered. 

The heat generated in the first reactor is sufficient 
10 for the endothermic reaction in the second reactor. This 

heat is passed to the second reactor through the conducting 
partition. For transferring a sufficient amount of heat to 
the second reactor, the amount of methane that is converted 
m the first reactor is 15 mol . % of the amount of 
15 ethylbenzene supplied to the second reactor. 

Example 3 

A reactor consisting of a continuous porous metal 
20 structure is fixedly connected via the partition with a 

second reactor, likewise consisting of a continuous porous 
metal structure, so that a heat exchanging contact is 
present. The porous metal structures are made up of metal 
particles fixedly sintered to each other and to the 
25 partition. 

In the first reactor, the surface exposed to the gas 
phase is catalytically active for the oxidation of methanol 
To that end, an iron/molybdenum oxide catalyst on alumina 
has been applied to the surface of the metal in the first 
30 reactor. 

In the second reactor, the surface exposed to the gas 
phase is catalytically active for the conversion of methanol 
into synthesis gas. To that end, a copper/zinc catalyst on 
alumina has been applied to the metal surface of the second 
35 reactor. 

Through the first reactor, a metnanol/air mixture is 
passed continuously with a methane/air ratio ;based on 
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volume) at the reactor inlet of 0.06 and a temperature of 
about 300°C. In the first reactor the methanol reacts in the 
presence of the catalyst with oxygen. As a result, the 
temperature rises and achieves a maximum value of about 
5 400°C. The conversion of methanol into formaldehyde is 95%. 
Through the second reactor, cocurrently and 
continuously, a methanol/steam mixture is passed with a 
methanol/steam ratio (molar) at the reactor inlet of 0.8. 

In the presence of the catalyst, methanol reacts with 
10 steam to form CO and H2 . The temperature at the inlet is 
200°C. With the passage through the reactor, it rises and 
achieves a maximum value of about 250°C. The conversion of 
methanol is 100%. 

The heat generated in the first reactor is sufficient 
15 for the endothermic reaction m the second reactor. This 

heat is passed to the second reactor through the conducting 
partition. For transferring a sufficient amount of heat to 
the second reactor, the amount of methanol that is supplied 
to the first reactor is about 60% of the amount of methane. 
20 that reacts in the second reactor. 
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CLAIMS 

I. A method for carrying out two cheir.ical reaction;; in a 
reactor system comprising at least two mutually sep.,r.ce 
reactor beds, of which the surfaces exposed to tne 
are catalytically active for the chemical reactions 
5 concerned, and at least one partition, wherein 

- at least one first reactor bed is present, wnic:. ^ 
bounded by at least one partition, wmch bed is :,o=ec 
a continuous porous structure and which bed is ■. ; /-dl 
connected to said partition, 

10 - at least one second bed is present, which is oa. 

continuous porous structure, and which bed is :. 
connected to said partition, and 

- said second bed, with respect to the first bee 
disposed on the other side of said partition, r 

15 heat exchanging contact between said beas is r: •• 

the reaction heat of a first chemical reacticr. ... 
carried out in said first reactor bed is supp--.-: - 
absorbed by carrying out a second chemical rea," ..... 
said second bed. 
-0 2. A method according to claim 1. where ir. twe ~r »■ ■ - 
first reactor beds and/or two or more second reac:.. ■. 
and a corresponding number of partitions are use- 

3. A method according to claim 1 cr 2 . wnereir. ■ 
structure of at least one of said reactor beds ^ 

25 porous metal . 

4. A method according to claim 3. wherein both z^v,. 

consist of porous metal. 

5 A method according tc claim 3 cr 4 , wherein =.-, i-.r 
metal, sintered metal particles, sintered metal fi:.-> ■ 

3 0 metal foam is used. 

6. A method according tc claim 1 or 2. wr.ereir. 
beds are formed by a monolith structure or wr.icr. - 

a= M rq t 'pactir bed and a caii -,r 
the channels is used as .irst -ea.u- 

enamels is used as second reactor bed. 
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~. A method according to claim 1 or 2 , wherein each of tn 
reactor beds is formed by a monolith structure. 

8. A method according to claim 1 or 2, wherein the reactor 
beds are formed by the channels of an assembly of at least 

5 two metal plates, wherein to a first plate at least one 
corrugated second plate is attacned, so that ir. the 
longitudinal direction channels are formed between the tops 
of the corrugated plate and the two surfaces cf said first 
plate . 

9. A method according to claim 8, wherein said assembly is 
roiled up. 

10. A method according to claims 1-9, wherein m the first 
reactor bed an endothermic reaction is carried out and in 
the second reactor bed an exothermic reaction is carried 
out . 

11. A method according to claims 1-9. wherein in the first 
reactor bed an exothermic reaction is carried out and in the 
second reactor bed an endothermic reaction is carried out. 

12. A method according to claims 1-11, wherein a multi- 
stage reaction is carried out, wherein at least one stage cf 
this reaction has a positive and at least one stage has a 
negative heat effect, and wherein said stages are carried 
out in said first and second reactor bed. 

13 A reactor suitable for carrying out the method 
according to claim 8 or 9 , comprising two reactor beds wr.icfi 
are formed by the channels of an assembly of two metal 
plates, while to a first plate a corrugated second plate is 
attached, so that in the longitudinal direction channels are 
formed between the tops of the corrugated plate and the two 
surfaces of said first plate. 

14. A reactor according tc claim 13, wherein said assemblv 
is rol led up . 
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